Intake port structure directly affects the flow characteristics and combustion process of diesel engine, and then affects the comprehensive performance of diesel engine. To the intake ports of a four-valve direct injection diesel engine, the flow characteristics are analyzed on the four combined intake ports : (1) helical (left) and tangential (right), (2) tangential (left) and helical (right); (3) helical (left) and helical (right); and (4) tangential (left) and tangential (right).And the influence of air flow in four combined intake ports to incylinder gas flow is also analyzed. Results show that the helical and tangential combination intake ports flow velocity increases with the valve lift increases, and small turbulence arises at the valve guide lug, and the intake flow velocity of the minimum cross-section of the junction of the guiding section and the helical section is the maximum. The air flow in-cylinder moves from top cylinder head bottom to the cylinder bottom, the air flow is enlarged gradually by the small-scale irregular swirl, which eventually converges to a single swirl. The turbulence kinetic energy is very big when the air is just entering the cylinder, the flow space expands rapidly, and the dissipation of turbulent kinetic energy is very significant with the gas moves to the bottom of the cylinder.
INTRODUCTION
The combustion efficiency, fuel consumption and emissions of diesel engine are closely related to the formation and flow of the air and fuel mixture, flow characteristics are critical in determining the overall performance of diesel combustion systems. At the same time, when the diesel engine is operating at low speed, the atomization effect of the fuel is poor, and a strong intake vortex is required to increase the mixing effect of the fuel-air mixture. At high-speed operating conditions, it is necessary to reduce the intake resistance and increase the intake air amount. Therefore, it is necessary to adopt a suitable intake system structure to improve the intake flow of diesel engine, and the four-valve is the main structure of the high-speed direct injection diesel engine intake system. Therefore, the study of the two intake ports in the four-valve intake system structure and its combination method have become the core and key for fuel combustion system matching (Yufeng, et al.,2001 ).
The intake port shape of the diesel engine mainly includes helical and tangential port. In the fourvalve diesel engine, the four combined intake ports are widely used: spiral and tangential, tangential and spiral, spiral and spiral, and tangential and tangential. So it is great significance for systematic analysis the air flow field and its laws of the combined intake port and in the cylinder, which is the development of high-performance diesel engines, matching combustion chambers and combustion systems ( Kawaguchi, A.,et al.,2009 , Andreatta, É. C.,et al.,2008 .
Tests and simulation methods were often used to study the flow field in the intake port and incylinder of diesel engines (Deqing et al., 2002 , Micklow G J,et al.,2007 , Ma Hongwei,et al.,2013 , Wang Tianyou,et al.,2008 , Stiehl, R.,et al.,2016 .At the same time, the intake port design method of some non diesel engine was also studied (Yuguo, et al.,2014 , Thangavel et al., 2016 ,at last , the ports were optimized , Son, J. W.,et al.,2004 . Because the air flow in-cylinder was difficult to experiment research at the same time, the three-dimensional models of four different combined intake ports with spiral and tangential port were established. The 872 FIRE module of AVL software was used to simulate the flow field in the intake port and incylinder, which provided ideas for intake port design.
SIMULATION MODEL AND VERIFICATION

Basic Parameters of Research Object
The intake ports for research are a four-valve twocylinder high-pressure common-rail diesel engine of passenger car. The basic parameters of diesel engine are shown in Table 1 . 
Establishment of Simulation Model
（1）3D solid model
The 3D intake port model is designed by and the location in the cylinder head, the solid model of intake port was established by using the Unigraphics (UG) software 8.0, and the specifications of the intake port listed in Table 2 .
According the Table 2 , the four schemes of the combination intake ports are built, and the 3D model are shown in Fig. 1 . To analyze the flow field accurately, the same volume of the air in single tangential or helical port is necessary. （2）Flow simulation model
To simulate the steady-state flow of the intake port, the simulation model is built in Fig. 2 . And all pars are meshed by FAME Hybrid of the AVL FIRE pretreatment meshed function module, and the meshes of the key pars were refining, such as the valve and valve seat. The total number of meshes is about 570,000, and the hexahedral grid accounts for about 90%.
（3）Control equation
The intake process of the diesel engine follows the continuity equation of the fluid motion, the law of conservation of momentum and conservation of energy. At the same time, the turbulent motion of the intake air is used by k-ε double function mode. Fig. 2 . Intake port analysis model.
（4）Boundary condition
Inlet boundary conditions: the constant-pressuredifferentia of the inlet and outlet intake port is used. The total pressure is 100 kPa, the intake port temperature is 293.15 K, and the turbulent kinetic energy is 1 m 2 /s 2 .
Outlet boundary conditions: the cylinder outlet pressure differential is set to static pressure, which was 6.5 kPa at small valve lifts, and 2.5 kPa at high valve lifts.
Cylinder wall boundary conditions: the standard wall function is used on the wall surface with noslip, adiabatic, and fixed temperature values.
Simulation Model Validation
（1）Steady-state flow bench
The port steady flow simulation experiment is used to simulate the actual intake conditions of the diesel engine, which is used to evaluate flow characteristics and vortex formation capabilities of the intake port. It provides important test date for the development of the diesel engine air intake system and the formation of combustible air-fuel mixture in the cylinder. It is also the main method to validate different intake port simulation models. The actual air mass and vane anemometer speed are obtained by the experiment, and then the flow coefficient (μ) (the ration of actual air mass to theoretical air mass) and swirl ratio (SR) (the ration of vane anemometer speed to diesel engine simulation speed) are calculated [5] .
The steady-state flow test bench is shown in Fig. 3 , it is composed of a tachometer, an orifice flowmeter, and a vane anemometer, and other components. The experiment method is the same as the simulation method (constant pressure differentia). The simulation cylinder is 2.5 D, and the blade distant to cylinder head top is 1.75 D (Dcylinder diameter). As shown in Fig. 4 , the flow coefficient increases with valve lift increases. The maximum deviation between experiment and simulation values is 8.5% when the valve lift is 2 mm.
As shown in Fig. 5 , it can be seen that the swirl ratio fluctuates slightly when the valve lift is 3 mm. The main reason is that the cross-section area of intake flow is small when the valve lift is small, the throttling effect is obvious and the turbulent intensity near the throat of the port increases. Then, the swirl ratio is on the rise with the valve lift increases, and the maximum error between the simulate and the experiment value is less than 5%, which indicates that the simulation model is basically reasonable and can be used to analyze different schemes.
FLOW FIELD ANALYSIS OF INTAKE PORT
According to the simulation parameters above, all the boundary conditions are set up in the FIRE software, the flow field of the intake port is obtained after simulation. And the flow field of different schemes is analyzed when the valve lift is 2, 4, 6 and 8 mm.
The Flow Field Analysis of Scheme1 and Scheme2
The contours of the flow velocity of scheme1 and As shown in Fig. 6 , when the valve opening increases from small to large, the cross-sectional area between the valve and the valve seat increases, and the air flow resistance decreases. The air flows into the in-cylinder quickly because of pressure difference between intake port and in-cylinder. The small turbulence is caused by low flow velocity at the boss of the valve guide; there is even a phenomenon of detention caused by a small change in speed. The maximum air velocity of the helical port occurs at the bevel edge of the valve when the valve lift is small. When the valve lift hv=8 mm, the maximum air flow velocity occurs at the minimum cross-section of the guiding section and the helical section of the helical intake port. When the valve lift of the tangential port is small, the air flow velocity near the valve is more uniform; when the valve lift is large, the air flow velocity near the exhaust side is faster, and the maximum velocity of the air flow occurs between the valve and the valve seat ring. At the same valve lift, the air in the spiral port flows into cylinder along the cylinder wall and the area near the centerline of the cylinder. At the same time, the air in the tangential port flows tangentially into cylinder, most of the air flow to the bottom of the cylinder and a small part of the air forms a small vortex with the cylinder head after hitting the cylinder wall. As shown in the Fig. 7 , the maximum flow velocity and position of in the intake port are similar to those of shceme1, and the values of the flow velocity are also very small difference.
Flow Field Analysis of Scheme3 and Scheme4
Because of the combined intake port of the scheme3 and scheme4 are composed of the helical and helical ports, tangential and tangential ports, respectively. The flow field analysis of the single helical port or tangential port is selected to represent to scheme3 or scheme4.
As shown in Fig. 8 , when the air in the spiral intake port passes through the valve, some of the air flows rapidly along the inclined surface of valve and collides with the wall surface and then flows into the bottom of the cylinder. The other air below the valve forms a certain regular vortex near the centerline area after some air collides with cylinder wall. As shown in Fig. 9 , , most of the air in the tangential port flows tangentially into the side wall away from the cylinder inner wall along the port inner wall and the valve inclined surface, and a small part air flows into near the cylinder wall side. The air velocity changes little with the valve opening.
FLOW FIELD ANALYSIS IN-CYLINDER
To analyze the flow filed in-cylinder, the cylinder center line of the cylinder is defined as Z direction, and the top surface of cylinder is positive, and the following is negative. The flow field of different cross-section is analyzed with different valve lift, such as Z=-5, -35 and -65 mm. The turbulent kinetic energy is also analyzed at different cross-section, such as Z=-5, -45 and -85 mm.
Flow Field Analysis In-Cylinder Corresponding to Scheme1
The air flow velocity of different cross-section incylinder with different valve lift is shown in Fig. 10 When hv=2 mm and 4 mm, one or two small-scale vortex near the cylinder wall are formed between the spiral and tangential intake port at the section Z=-5 mm. And the anti-clockwise vortex from the spiral port to the tangential port near the cylinder wall is formed because of the collision and interference of the intake air flow to cylinder. And a clockwise vortex is formed at the edge of the spiral port when the intake air flow hits the cylinder wall and returns, which encounters the tangential inlet air flow. The intake air flow of the spiral and tangential port collides at the valve outlet, and two vortexes near the cylinder centerline are formed, resulting in the loss of intake air flow. When hv=6 and 8 mm, the intake air flow velocity in the tangential port increases, and the new vortex is formed under the combined action of the cylinder wall and spiral air intake flow.
Comparing the (a), (b), (c) and (d), when the valve lift hv= 2 and 4 mm, the numbers of chaotic vortexes decrease with the increase of cross-section distance. When hv=6 mm, the small vortexes in the cylinder gradually form larger vortexes. When hv=8 mm, a vortex about the same size as the diameter of the cylinder is formed near the cylinder centerline with the increase of the cross-section distance, which shows that the air is more evenly distributed in the cylinder.
When hv = 2, 4, 6, and 8 mm, the distribution of turbulent kinetic energy in the cylinder is shown in Fig. 11 . It can be seen that the maximum turbulent energy of the air flow appears at the slope edge area of the valve when the section Z=-5 mm, but the distribution position of turbulent energy is unstable. With the increase of the cross-section distance, the air quickly flows into the cylinder rapidly and diffuses rapidly, and irregular smallscale vortex diffuses and merges, eventually forming a swirl around the center line of the cylinder. At the same time, the turbulent kinetic energy dissipation is very significant with the air moving towards to the cylinder bottom. The irregular vortexes expand obvious and converge gradually into a single vortex in the process of moving from 1/2 stroke cross-section to cylinder bottom.
Flow Field Analysis In-Cylinder Corresponding to Scheme2
The air flow velocity of different cross-section incylinder with different valve lift is shown in Fig. 12 When the cross-section Z=-5 mm, several vortexes are formed near the outlet of the port. With the increase of the cross-section distance, the numbers of vortex gradually decrease and vortex gradually increases. Due to the flow interference between the tangential and helical intake ports, there are two or three small-scale vortexes with different swirling directions. At last, two large-scale vortexes are formed on the side of the exhaust valve, which are parallel to the cylinder centerline. When hv = 2, 4, 6, and 8 mm, the distribution of turbulent kinetic energy in the cylinder is shown in Fig. 13 . The distribution of turbulent kinetic energy in the cylinder is relatively uniform, and the turbulent energy near the cylinder wall is large because of the airflow collides severely with the cylinder wall. As the valve lift increases, several vortexes in the cylinder are gradually merge into a vortex and its rotation center is close to the exhaust valve side. The irregular vortexes expand obvious, disappears, and converge gradually into a single vortex in the process of moving from 1/2 stroke cross-section to cylinder bottom.
Flow Field Analysis In-Cylinder Corresponding to Scheme3
The air flow velocity of different cross-sections incylinder with different valve lift is shown in Fig. 14.
When cross-section Z=-5 mm, many small-scale vortexes are generated in the opposite direction, and two different sizes of vortexes are formed near the cylinder wall of the two valve edges, one of which is about half the cylinder diameter, and the other is very small. h= 2 and 6 mm, two or three similar size vortexes are formed, and when the valve lift hv=8 mm, the air in the cylinder is gradually merged under the left side of the spiral port, and the large vortex center is parallel to the cylinder centerline.
When hv = 2, 4, 6, and 8 mm, the distribution of turbulent kinetic energy in the cylinder is shown in turbulent kinetic energy of the intake port is larger and the side of the exhaust side is smaller. The vortex near the cylinder top is no rule, a single vortex near the center of the intake valve is formed when the vortex is close to cylinder bottom and the valve lift hv=8 mm. The irregular small vortexes gradually expand, disappear and converge into a single vortex from the 1/2 stroke cross-section to the cylinder bottom.
Flow Field Analysis In-Cylinder Corresponding to Scheme4
The air flow velocity of different cross-sections incylinder with different valve lift is shown in Fig. 16 around the valve outlet are formed. With the valve lift increases, two vortexes which rotation in opposite direction below the exhaust valve change from small to large, gradually occupying half of the cylinder.
Comparing the (a), (b), (c) and (d), when the crosssection Z = -35 mm, -65 mm, the swirl motion in cylinder does not form an obvious regularity. The velocity of the air below the intake valve is low, and the velocity below the exhaust valve is higher.
When hv = 2, 4, 6, and 8 mm, the distribution of turbulent kinetic energy in the cylinder is shown in Fig. 17 . As the figure shown, the turbulent kinetic energy of the air in the cylinder is large, and the energy decay is relatively slow. At the same time, the vortex diffuses continuously with the air flowing to the cylinder bottom, but a single vortex does not integrated. When the valve lift hv=8 mm, a larger vortex and two equal-sized vortexes converge at the cross-section of Z=-85 mm, and the turbulent energy dissipation is small. The irregular vortexes expand obvious, disappears, and converge gradually in the process of moving from 1/2 stroke crosssection to cylinder bottom.
CONCLUSIONS
This work investigates the flow influence of the combined intake ports to itself and in-cylinder by 3D steady-state fluid simulation method and experiment. Some rules on the research are below.
(1) The air flow in the spiral and tangential intake port of the combined intake ports presents certain regularity: when the air flow velocity increases with the valve opening increasing, the slight turbulence occurs at the boss of the valve guide, and even shows viscous flow phenomenon, and the maximum flow velocity at the minimum cross-section of the guide and the helical section is largest.
(2) The small-scale irregular vortexes expand and disappear, and finally converge into a single vortex when the air in cylinder flows from the 1/2 stroke cross-section to the cylinder bottom.
(3) When the air has just flowed into the cylinder, the turbulent energy is very large. After the air entering the cylinder, the flow space expands rapidly and the vortex motion diffuses and merges. The dissipation of turbulent kinetic energy is very significant with the air moving toward to the cylinder bottom.
(4) To master the influence rules of the flow field to combustion, the transient flow fields of the combined intake ports, in-cylinder and the combustion chamber structure should be considered in the future work .
